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Abstract 



A scenario for a quantum big crunch to big bang transition is pro- 
posed. We first clarify the similarities between this transition and 
the final stages of black hole evaporation. The black hole and the 
O-i universe are thought of as quantum states. The importance of an 

external observer for understanding the big crunch to big bang tran- 
sition is emphasized. Then, relying on the similarities between the 
black hole and the universe, we propose that the transition should 
be described as an explosion that connects the contracting phase to 
the expanding one. The explosion occurs when entropy bounds are 
saturated, or equivalently when the states cease to be semiclassically 
(meta)stable. We discuss our scenario in three examples: collapsing 
dust, a brane universe falling into a bulk black hole in anti-de Sitter 
space, and a contracting universe filled with a negative cosmological 
constant and a small amount of matter. We briefly discuss the late 
time observables that may carry some information about the state of 
the universe before the transition. 
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1 Introduction 



The fate of a contracting universe heading towards a big crunch singularity 
has been studied for a long time [TJ |2j [3j 0]. In the framework of general 
relativity the classical singularity theorems of Hawking and Penrose maintain 
that, generically, a contracting universe will reach a singularity within a finite 
time. In some non-generic situations, such as closed empty de Sitter space, 
the universe contracts to a certain minimal size and then expands - bounces 
- following classical evolution. 

It is widely expected that in a theory of quantum gravity the singularities 
will be smoothed; more precisely, one expects that a contracting universe 
will reach a state of high curvature and emerge from it in some other form. 
How this comes about and in what form the universe emerges from the high 
curvature epoch is a subject of discussion and controversy. 

Many models of a possible big crunch - big bang transition have been 
proposed; most, if not all of them, have some terms added to the Einstein 
equations such that the classical solutions of the modified equations exhibit 
the transition. In the framework of string theory this issue has been a subject 
of interest for decades. This was discussed in the context of the pre-big-bang 
scenario [5], the so called Ekpyrotic universe [6] and models involving null- 
or time-like singularities [7] in string theory. More recently, the subject was 
investigated in the context of the gauge/gravity duality in [SJ |H1 EE] and 

muni nana na. 

Rather than using the singularity theorems and energy conditions as tools 
to determine the fate of the universe, we will consider entropy bounds, which 
improve the diagnostic power of the classical singularity theorems, extending 
them to semiclassical situations [To] . 

An evaporating BH and a crunching universe will be argued to be subject 
to certain analogies, which will be employed to understand the destiny of a 
contracting universe. To be clear, most of our considerations/arguments 
refer to a single Hubble patch in a contracting universe. We think of the BH 
and the universe as semiclassical states. When they are large, treating them 
as semiclassical states makes sense since their decay widths (to be defined 
more precisely later) are much smaller than their masses. When they become 
smaller and reach a certain critical size, entropy bounds are saturated. We 
will interpret the saturation of the entropy bounds as signalling an instability 
of the BH or the universe. Below the critical size they can no longer be treated 
as (meta) stable semiclassical states. We will then argue that even when the 
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BH and the universe are no longer semiclassically stable, the semiclassical 
estimate of their decay time is still approximately valid. 

Our idea is to learn from the fate of an evaporating BH about the fate of a 
generic contracting universe. To decide on the fate of a contracting universe 
we need to observe it from an external point of view. For an observer living 
in the universe itself it is hard to keep track of the state of the universe, 
especially when it becomes unstable. The external point of view can be 
achieved either by observing a finite contracting "universe" from outside, 
or by viewing the universe when it is embedded in a spacetime of different 
dimensionality. 

When one observes the contracting universe from a higher dimensional 
point of view, the universe is a brane moving in a higher dimensional space- 
time. Alternatively, one can view the universe from a lower dimensional 
point of view using the gauge/gravity duality [171 [181 EH]. In this context, 
the universe is observed from its lower dimensional boundary. Both points 
of view turn out to be useful for understanding the fate of the universe. 

We argue that the life of a contracting universe ends in an explosion, 
similar to the one in which a BH ends its life. The explosion occurs in all 
of space at approximately the same time and leads to a phase of expanding 
radiation dominated (RD) universe. The process that we envision is unitary, 
similar to the BH evaporation process, which is, as the modern view accepts, 
a unitary process. This means that the explosion connecting the big crunch to 
a big bang cannot generate entropy. Therefore, the total amount of entropy 
of the initial state and of the final state are equal, in contrast to many 
previous scenarios for which entropy production was a major obstacle for a 
bouncing or cyclic universe. Since the process is unitary and the total entropy 
is "conserved" , the only way to get a large universe after the transition is to 
start with a large one from the beginning. If, for some reason, observations 
are made on a part of the universe after the transition has occurred, then 
this part can have a large entropy. 

In our scenario, the big crunch - big bang transition is intrinsically quan- 
tum mechanical and it is not very meaningful to think about it in terms of 
classical dynamics. The observables that survive the transition are limited to 
"super-horizon" correlations imprinted during the contraction phase whose 
amplitude is frozen. 
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2 Exploding black holes 



2.1 Entropy bounds and their interpretation 

Bekenstein [20] proposed a bound on the entropy S of a system whose energy 
is E and whose linear size R is larger than its gravitational radius, i.e. R > 



This is known as the Bekenstein entropy bound. Holography [21] (see below) 
suggests that the entropy of any system is bounded by Shol < Al~ 2 , where 
A is the area of the minimal space-like surface enclosing the system and l p is 
the Planck length. The entropy bounds were further developed and versions 
applying to cosmological spacetimes were proposed [221 [231 121] ■ For static 
spacetimes all entropy bounds are equivalent and imply that a BH is the 
most entropic state of matter. 

Sometimes entropy bounds are interpreted as forbidding some state of 
matter or some properties of matter. Versions of this idea are referred to as 
"The Species Problem" [2U [251 [2B] . We argue that entropy bounds should 
be thought of as determining the region of parameter space in which BHs are 
semiclassical (meta) stable states. From the point of view we are advocating 
the saturation of entropy bounds is a sign of an instability of BHs rather 
than signaling some fundamental restrictions on matter [27] . 

We will restrict our discussions to theories containing a large number N 
of weakly coupled light species. In such theories the effective Planck length 
is large, of order y/~Nl p , with l p the standard Planck length, which implies 
that the importance of certain quantum effects is enhanced. More precisely, 
under these conditions there are states for whose evolution some quantum 
(gravity) effects are crucial while the typical curvature is small, of order 
1/N in Planck units. In the above discussion and in the following we ignore 
numerical constants since they are not important to the idea that we wish 
to present. Also, we discuss the entropy bounds in 4D. Re- inserting the 
numerical coefficients and extending the calculations to different dimensions 
is straightforward. 

Let us consider quantum states in the part of the Hilbert space corre- 
sponding to a certain region of spacetime which is initially occupied by a 
BH. The number of states in this part of the Hilbert space that are "BH- 
like" is approximately c Sbh and the number of states that are "radiation-like" 
is approximately e Srad . When Sbh is larger than S ra d, a typical state is pre- 
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dominantly "BH-like" , but when Sbh under time evolution becomes smaller 
than S ra d, the state becomes predominantly "radiation-like". For this evolu- 
tion to be possible one needs that the time evolution can mix all the relevant 
states of the Hilbert space sufficiently rapidly. 

To be specific, consider a black hole of mass M. Its size is given by its 
Schwarzschild radius R$ = 2GM; its (Hawking) temperature is T# = 1/Rs- 
Let us compare the free energy of the BH, E — TS, to that of radiation 
consisting of N species in thermal equilibrium at temperature T = Th in a 
region of space of size R = R$. In fact, we will actually consider radiation 
in the same region of space that the BH occupies. The total energy of the 
radiation is E iad ~ NT A R 3 = N/R s and its entropy is S iad ~ NT 3 R 3 = N, 
while the energy of the BH is E Ba = M ~ Rs/lp and its entropy is Sbh ~ 

Rs/ Ip- 
So the free energy of the radiation is of order N/R$ and the free energy 
of the BH is of order Rs/lp- If one now considers a very large black hole 
(whose free energy is larger than that of radiation occupying the same region 
of space), which evaporates and thereby becomes smaller, one sees that when 
the BH reaches a size Rs ~ VNl p the free energy of the radiation is equal 
to the free energy of the BH. 

We interpret this point as the point in parameter space where the BH 
becomes unstable. We wish to support this interpretation by looking at the 
decay width of the BH. We make, following [2S|, two assumptions about 
the decay of semiclassical BHs. One assumption is that they emit as black 
bodies, so that 

^ = -NT*Rl = -N/Rl (2) 

The second assumption, following [221 ES], is that we require semiclassical 
BHs to obey similar conditions as other semiclassical states. In particular, 
we assume that the fractional change of the BH's mass is small on both 
the thermal and the light crossing time scales. The first condition leads to 
-jj^ < T H , while the second one to -jg™ < l/Rs- 

To see what the implications are, let us look at the second condition. 
When the inequality is saturated, —jj^jf = l/^s 1 , one finds, using Eq. ([2]), 
that 

NT^Rl = M. (3) 

This implies 

Nl 2 p = R2 s (4) 
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and 

NMl = M 2 , (5) 

so, according to what we outlined before, at this point the entropy bounds 
get saturated. Also, as can be seen from the above equations, the BH looses 
a large fraction of its mass within one light crossing time. 

As we will now show, this result also agrees with the interpretation that 
at this point the decay width of the BH becomes comparable to its mass, 

r/M = 1. 

Let us consider an ordinary system with many excited states and assume 
that it is highly excited and goes through a decay cascade. At the point where 
the mass and the decay width of a state become comparable, the system can 
no longer be considered as metastable and/or semi classical. 

Let us treat the BH in analogy to such a system and define V as the 
inverse of the time before the first transition to a lower energy state [28] . 
According to this definition of V one has dM/dt = —FT for any black body. 
So in our case, T = N/R s , and T/M = 1 implies N/R s = Rs/lp which 
means Rs = y/Nl p . 

2.2 The thermal decay rate is a good estimate for the 
duration of the final stage in BH evaporation 

We would like to understand whether when the BH becomes small and un- 
stable we can still estimate its decay rate, so that we can determine the total 
lifetime of the BH. Above we have estimated it using the geometry and the 
thermal properties of the BH. We will now argue that the thermal decay rate 
provides a good estimate even in the region of parameter space where the 
geometry of the BH changes significantly on the time scale set by the decay 
time, so that such an estimate cannot be expected a priori to be valid. This 
region of parameter space is characterized by the changes in the mass and the 
temperature becoming too fast or, equivalently, the decay width evaluated 
from the geometry becoming comparable to the mass, i.e. T/M > 1. 

Our idea is to treat the BH as a large object that decays to many particles 
each carrying a small fraction of the total energy. Then we can estimate the 
decay width from the phase space volume of the decay products. For exactly 
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n massless particles in the final state it is given by 



„ n I n \ 

V n (E) = J J] [d'Pi *(p?) *(p?)] W^-$> • ( 6 ) 



i=l \ i=l 



This is the microcanonical distribution of massless particles. The energy 
dependence of V n can be estimated in a straightforward way, 



i=i 

?2n-4 



= CE ln -\ (7) 

If, as mentioned above, the decay is dominated by many-particle final 
states we can treat this expression in a statistical way and define the relevant 
microcanonical entropy, S = log V n . Then, for large n 

S = const. + 2n log E. (8) 

We can also define the microcanonical temperature by 1/T = dS/dE, from 
which we obtain 

T=^~. (9) 

The reason that the temperature is E/2n rather than the more common 
E/3n is that we have assumed that all the decay products are massless. 

When one allows the number of decay products to vary, then instead 
of the microcanonical ensemble one gets the grandcanonical ensemble. The 
average number of particles is then given by the standard expression 

(n) = E/2T. (10) 

Again, 2T rather than 3T because we are considering massless decay prod- 
ucts. 

If the matrix elements governing the decay of the object are not highly 
peaked at some number of decay products n or, put in different terms, if the 
effective chemical potential that the matrix elements induce is not peaked, 
then we know that the ensemble of the decay products will approximately 
have the characteristics of black body radiation with temperature equal to 
the temperature in Eq. (Q and number of particles roughly equal to the 
number in Eq. ( TTU|) . 
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Figure 1: Two Penrose diagrams depicting the spacetime of an evaporating 
BH. The two diagrams depict essentially equivalent spacetimes. The right 
panel looks like the standard Penrose diagram of an evaporating BH while 
the left panel looks like a Minkowski space-time with an explosion region. 
The volume of the excluded shaded region on the right is Planckian and the 
distance between the various lines labeled r = is Planckian. 

This picture of the final moments of a BH and its decay products is sup- 
ported by the expected behaviour of BHs in string theory when they reach 
the "correspondence line" [29j EO]- The BHs become highly excited states 
in the perturbative spectrum. Such states decay mostly into soft massless 
particles. The decay rate is therefore approximately thermal, with the tem- 
perature determined by Eq. (jH]). 

2.3 Explosion ends the evaporation of a BH 

The conclusion of the above discussion is that even when the estimates based 
on semiclassical geometry are invalidated the decay still has the character- 
istics of a thermal decay. Since the temperature and other parameters are 
continuous when the BH ceases to be semiclassical, we can continue to use 
the thermal decay rate. 
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So we have found that when the BH reaches the point where Y/M = 1, 
which happens when its size is Rs = VNl p , its lifetime is about r = 1/T, 
which in this case also means r = Rs- Our conclusion is that when the BH 
reaches the critical size, Rs = \f~Nl p , its energy gets converted into radiation 
in a time comparable to its light crossing time. This process is the most 
violent explosion possible: the whole energy in a certain region of space is 
converted into radiation in a time comparable to the time it takes light to 
cross the region. This is the shortest time allowed by causality for such a 
process to occur. 

On the other hand, the total amount of energy released in the BH explo- 
sion should, in some sense, be thought of as small. The amount of energy 
released is of the order of one particle per light species in a region compa- 
rable to the particle quantum wavelength, so this state is not very different 
from the vacuum. It should be emphasized though that this state is also not 
very different from a BH. The reason is that the explosion has produced a 
state that is characterized by a certain amount of energy being contained in 
a region of size not much bigger than the Schwarzschild radius associated 
with that energy. So, in a sense, the state is also very close to a state that 
is "furthest" from the vacuum. We assume that one can nevertheless draw 
conclusions from the "low density" property. 

3 Exploding Universe 

3.1 Entropy bounds in cosmology 

Let us recall that cosmological spacetimes with horizons possess entropy. 
In this respect a universe is quite similar to a BH. The standard accepted 
example of this phenomenon is de Sitter space (31]. The argument is that 
for every observer in de Sitter space there is a region from which she cannot 
receive signals. The entropy is associated with the information contained in 
the inaccessible region. In general, a cosmological horizon, sometimes also 
referred to as a Hubble horizon, is not an event horizon, and what is outside 
it is not necessarily out of view for all times. Nevertheless, there are good 
reasons to associate an entropy with a cosmological horizon [THl |2TJ. The 
situation is clearest in the case that the cosmological horizon is approximately 
constant in size, which means that the universe behaves as a de Sitter space 
for a while. 
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We will assume that spacetimes with cosmological horizons possess en- 
tropy proportional to the area of the horizon in Planck units and discuss the 
fate of a contracting universe in this context. 

Entropy bounds in cosmology were first discussed by Bekenstein [22] . 
who argued that if the entropy of the visible part of the universe obeys the 
Bekenstein entropy bound, then the temperature is bounded and therefore 
certain cosmological singularities are avoided. Later, there have been many 
discussions following a similar logic. 

The conclusion of the investigations of entropy bounds in cosmology was 
that cosmological spacetimes and BHs behave in a similar way. They saturate 
the entropy bounds when their size is "Planckian". For the universe this 
means that when the Hubble parameter reaches H = Hmax = 77^ entropy 
bounds are saturated. In an RD universe this is equivalent to the universe 
reaching a maximal temperature T = Tmax = as was anticipated by 
Bekenstein. 

3.2 Saturation of entropy bounds is a sign of instability 

As in the case of BHs and ordinary entropy bounds we will argue that cos- 
mological entropy bounds should not be thought of as constraining the state 
of the matter whose energy-momentum tensor fuels the contraction. Rather 
they should be thought of as determining the region of parameter space in 
which a contracting universe can be considered as a semiclassical metastable 
state. From this point of view the saturation of entropy bounds is a sign of 
an instability of the contracting universe. 

Following our discussion of BHs, let us compare the free energy of a 
universe, E — TS, to that of radiation consisting of N species in thermal 
equilibrium at temperature T = H in a region of space whose size is equal 
to the cosmological horizon radius, R = 1/H. Then the total energy of the 
radiation is E raA ~ NT 4 R 3 = NH and S iad ~ NT 3 R 3 = N, while the energy 
in a Hubble patch of the same size is E\j = pV ~ H 2 R 3 /l 2 . So Ey ~ l/(Hlp) 
and the entropy of the patch is Sjj ~ R 2 ' /I 2 = l/(H 2 l 2 ). 

We conclude that the free energy of the radiation is NH and the free 
energy of the universe is 1/ {HI 2 ). It follows that when a contracting universe, 
which was initially large, reaches a size R = 1/H = yNl p the free energy of 
the universe becomes equal to the free energy of the radiation. We propose 
that, at this point, an explosion occurs in the sense that in the minimal time 
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allowed by causality the universe is transformed into radiation. 

3.3 The necessity of an outside observer when deter- 
mining the fate of a contracting universe 

Much of the confusion that prevailed in discussions on the fate of a con- 
tracting universe originates from viewing the evolution of the universe from 
within the universe. This is a natural choice for a viewing point since, one 
might argue, the universe is all there is, so its "outside" is meaningless. But 
if an external "objective" observer who can keep track of the fate of the 
universe could be found, she could record the evolution of the universe as it 
approaches the "danger zone" and observe what happens subsequently. It 
turns out that observers external to the universe are ubiquitous. All we have 
to do is to observe the universe from a spacetime of another dimensionality; 
either from a lower dimensional viewing point, e.g. from its boundary, or from 
a higher dimensional viewing point, in which case the universe is a brane in 
some ambient space being observed by a bulk observer. It is also possible to 
externally view a universe from a viewing point of the same dimensionality, 
however, then only the evolution of small universes can be recorded. In this 
case, the term "universe" denotes only part of the state, as we will explain 
in detail below. 

3.4 Observables 

Observables at scales shorter than the horizon size at the time of the explosion 
are expected to be erased during the explosion due to the strong coupling 
and mixing between the different states. They will effectively thermalize. 
Of course, since the process is unitary no entropy is generated, so they are 
only approximately thermal. In any case, the relationship between the initial 
values of the short scale observables and their values after the explosion is 
very complicated. So, even if they can be calculated in principle, in practice 
this becomes impossible. 

On the other hand, observables at large distance scales could carry some 
information about the state of the universe before the explosion. For exam- 
ple, if the energy density of the Universe was slightly inhomogeneous, being 
different in different horizon size regions, then we expect that this informa- 
tion is expressed in the relative amplitudes and so in the properties of the 
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emitted radiation. This issue came to the fore in previous investigations, for 
example those of the pre-big-bang scenario. The results on the behaviour of 
the large scale observables across the transition were found to be consistent 
with our expectations. 

We believe that this is an interesting problem for further research. 

4 An exploding universe made from a spher- 
ical distribution of dust 

Let us consider the simplest model of a contracting universe. Of course, more 
sophisticated treatments exist in such however, this model will serve 

as a good introduction to the concepts and issues that will be encountered 
in the more complex examples later on. 

So consider a collection of (a finite number of) free non-relativistic massive 
particles which are distributed in a spherically symmetric way. The ensemble 
of particles extends up to a certain maximal radius Rtot arid its total mass is 
Mtot- Due to the mutual gravitational attraction of the particles the overall 
volume of the sphere that they fill out decreases and the density p, assumed 
to be homogeneous, increases. The standard derivation of the Friedmann 
equation from Newtonian gravity proceeds by considering spheres of radius 
smaller than R to t, concentric to the large sphere of radius Rtot- The equation 
of motion for a particle on such a sphere of radius R reads 

d 2 R(t) _ GM(R(t)) 
dt 2 R(t) 2 ' 1 ' 

where M(R(t)) = / Anr 2 p{t)dr. After multiplying this equation by dR(t) / dt 
it can be integrated once. This is because the mass inside a comoving volume 
is conserved, i.e. 

d -M(R(t)) = 0. (12) 



dt 

One obtains 

1 f dR(t) \ 2 GM 



e. (13) 



2 V dt J R(t) 

From this equation one infers that the integration constant e is the total 
energy of a particle per unit mass. Its value is determined by the initial 
conditions. The initial conditions also determine the sign of dR(t)/dt and 
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thus whether the distribution of particles is expanding or contracting. We 
are interested in the latter case. To summarise, we are considering the case 
of pressureless spherical collapse. 

If one now defines H = R(t)/R(t), Eq. ffTB"]) multiplied by 2/R 2 becomes 
the Friedmann equation 

2 2GM 2e 

H -n*r + W (14) 

In the standard Friedmann equation, the sign of e determines whether the 
the solution correspond to a closed, open or spatially flat universe. 

We wish to consider a collection of particles with the property that every 
subset of the particles is always outside its Schwarzschild radius, so that 
an outside observer can comprehensively describe their evolution. Let us 
recall here the necessity of an outside observer to keep track of and interpret 
the time evolution. For the concentric spheres of different radii that we are 
considering, the condition just stated reads R(t) > Rg(R(t)) for every R(t). 
Equivalently, R(t) > 2GM(R(t)) for every R(t). 

We are interested in a contracting distribution of particles, i.e. decreas- 
ing R, so we have to choose the initial conditions such that the subsequent 
evolution does indeed lead to a contraction. Since the first term on the RHS 
of Eq. (I14p is proportional to 1/ R? and the second term is proportional to 
1/R 2 , the first term will eventually dominate over the second term. We can 
choose initial conditions such that the first term becomes dominant while 
every subset of the particles is still outside their Schwarzschild radius. In 
this case we may, for simplicity, set e = 0. 

So one ends up with the standard equation for a matter dominated, spa- 
tially flat, contracting FRW universe, 



whose solution is 



dR 
~dt 

2/3 




(15) 



*=(§) (Rs) 1/3 (t*-tf 3 . (16) 

Classically, the solution is singular However, as we have argued, when H 
reaches the maximal critical value l/(l p y/N) an instability sets off. At this 



1 Of course, before the singularity is reached the particles become relativistic and highly 
energetic so the assumption that they are free may well be invalidated. 
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point the value of R is 

Rrmn= (Nl 2 p R S (R(t))) 1/3 . (17) 

This condition can be obeyed with R m i n > Rs(R(t)) if y/Nl p > 2GM(R(t)), 
i.e. such that every subset of the particles is outside its Schwarzschild radius. 
The strongest condition comes from the whole distribution of particles, i.e. 
y/Nl p > 2GM tot . Also, if R min > R s then from Eq.flHD we see that dR/dt < 
1, so the particles are still non-relativistic. 

Here we are ignoring all other, non-gravitational, interactions of the par- 
ticles. Their mass density at the minimal point is M/R min = l/(Nlp). So 
by making N large we can keep the classical interactions small. We have 
assumed that we have N weakly interacting species, so if we choose the par- 
ticles to be of these species, they can indeed remain weakly interacting also 
when quantum corrections are taken into account. 

If R m in > Rs it follows that the total mass of the system obeys, 

M tot < VNM p . (18) 

Since the particles obey the Bekenstein entropy bound ([I]), it follows that 
S < M tot R min . Using Eq. (117]) for the whole set of particles, i.e. with 
Rg = 2GM tot , as well as Eq. ffTH]) one finds 

S < N, (19) 

as we have seen for BHs. From a classical, geometric point of view, the 
universe could be considered as a large universe if N is large. If we take 
the largest allowed value for M tot , M tot = y/NM p , then a volume of size 
R min = N 3 / 2 lp could be quite large if one takes the fundamental cell volume 
to be I p. However, the volume of the minimal phase space cell is iV times that, 
so from a quantum mechanical perspective, the universe that we have created 
is not the highly excited state that was perhaps expected. Since curvatures 
are always small, we do not expect the standard high curvature corrections 
to be important and therefore we can use the (semi) classical approximation 
when solving the equations of motion while the contraction rate is small 
enough. 

When the rate of contraction of the universe reaches the maximal critical 
value Hmax-i which corresponds to a minimal critical value for R, it becomes 
unstable. At this point, the free energy of radiation filling the same volume 
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Figure 2: Penrose diagrams of an exploding Universe. Right: An insider view. 
A crunching FRW universe is joined through an explosion phase to another 
universe that starts with a bang. Left: An outsider view. A contracting 
universe explodes. If the explosion is instantaneous, an expanding shell of 
radiation is emitted. The case that the explosion is not instantaneous is 
discussed in the text. 

becomes larger than the free energy of a region of cosmological horizon size. 
An explosion occurs. If one approximates the explosion as instantaneous its 
outcome is quite simple: some homogeneously distributed radiation with the 
same energy flies away isotropically to infinity. A contracting universe has 
been transformed into an expanding universe. When the explosion is not in- 
stantaneous, its detailed structure becomes important. This is an interesting 
problem for future research. 

We have been able to describe a big crunch - big bang transition of a 
small universe with minimal amount of entropy and expose the similarity of 
this process to the process of BH evaporation. Is it possible to describe in 
such a way a big crunch - big bang transition of a large Universe? This is 
the subject of the next section. 
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5 Exploding brane universe viewed from higher 
dimensions 



5.1 An infalling FRW brane in AdS-Schwarzschild 

We can observe the explosion from a higher dimensional viewing point. The 
advantage is that we can describe the fate of a large universe. We accomplish 
this by throwing a 4D RD universe in the form of a brane moving in an 
AdSs-Schwarzschild spacetime into the BH. Additional advantages are that 
the number of species on the brane has a clear geometric meaning and that 
the setup is well defined, at least in principle, by the boundary gauge theory. 

The propagation of the brane in the AdS bulk can be viewed in two 
alternative ways. One is the so called Randall- Sundrum picture [32]- In 
this picture, a part of an AdS space is bounded by a brane on which a dual 
field theory "lives". In the second picture, one thinks of a complete AdS 
space, reaching up to its conformal boundary, with a probe brane moving on 
a geodesic in it. This is the so called mirage cosmology picture [33j El]- In 
both cases the brane evolution is identical to an FRW RD universe. Both 
descriptions will be used interchangeably in the following discussion. 

We will use the following representation for the bulk spacetime, 

ds 2 = -H(R)dt 2 + -T^r-cdR 2 + R 2 dQ 2 3 , (20) 
h(R) 

where H(R) = 1 + -p- — vanishes at the BH horizon, R s , and b = 

1/4 

, M being the BH mass. L is related to the cosmological con- 
stant of the AdS space and also to the brane tension A, which is tuned in such 
a way as to make the effective cosmological constant on the brane vanish. 

For the BH in AdS to be the dominant configuration over an AdS space 
with some thermal radiation as required for our analysis to be relevant, b 
must be large, b 3> 1 [35] . that is, the black hole must be large and hot 
compared to the surrounding AdSs. In this limit, the spatial curvature of 
the closed 4D universe is small, so it can be treated as flat. We can then 
write 

Rs = bL, (21) 

and 

Th = - (22) 



( 8G^ } M l 
I 3tt L 2 J 
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where Tjj is the Hawking temperature of the BH. It should be pointed out 
that the AdS space that will be considered does not only contain a BH, but 
also radiation in thermal equilibrium with it. 

The brane proper time is analogous to the proper time of a freely falling 
observer. The evolution of the radial position of the brane Rb{r) is deter- 
mined by an effective Friedmann equation: 



where the dot means d T . The space curvature term is always negligible in 
the range that we are interested, so we will ignore this term in the following. 
The first term on the RHS of the effective Friedmann equation ( 1231) looks 
like a contribution (to an ordinary Friedmann equation) of radiation. It is in 
this sense that the universe discussed here is radiation dominated. It should 
be pointed out though that the radiation is "mirage radiation" rather than 
real radiation. 

The number of species in the CFT is given by N = L z /G%\ The 4D 
and the 5D Newton's constants are related by LG { # = G$ (again, we con- 
sistently ignore numerical factors). As can be seen from the line element in 
Eq. ([20]) . the boundary of space is a 3 sphere, so the CFT "lives" on S 3 . From 
Eq. (1231) one finds that the temperature measured on the brane is T = b/Rb, 
which is also in accordance with the AdS/CFT correspondence. We notice 
that the boundary CFT temperature should not be confused with the Hawk- 
ing temperature of the AdS BH as measured by a bulk observer located at 
R, which is given by T# / a/ H(R). 

The entropy bounds are saturated when the temperature on the brane 
reaches its maximal value T M ax = M p / yN. Expressing M p and N in terms 



of 5D quantities, i.e. using M v = l/yG N as well as the aforementioned 

relations between G^\ G$ , L and N, one obtains Tmax — 1/L. Further- 
more, as was just explained, there is a relation between the temperature on 
the brane and its position in the 5D space, namely TR^ = b. Thus, when the 
entropy bounds are saturated, R^ = b/T M Ax = bL = R s . In other words, 
from the 5D point of view, the entropy bounds are saturated when the brane 
is about to fall through the horizon. 



From Eq. (|23|) we see that at R b = R s , ( f 1 ) » 1/L 2 . This means that 




(23) 
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the size of the cosmological horizon on the brane, (j^ J , is L, i.e. the AdS 
scale. 

We now wish to estimate the energy density of the brane as it is about to 
fall into the BH [SB]. The cosmological constant on the brane is tuned such 



that its tension A exactly cancels the bulk cosmological constant, G N A = 
1/L; this means that at horizon crossing, i.e. when R = R$, the total energy 
of the brane E = XR 3 is given by 

N 

Recall that M ~ so it follows that E/M ~ 1/6 which means that the 

G N 

total energy of the brane is much smaller than the BH mass, E <C M. 



5.2 Absorption and emission of the FRW brane 

When the brane reaches the BH horizon, then from the point of view of the 
bulk it falls into the BH. According to our scenario, from its own point of 
view it explodes. We would like to show that the two points of view are 
actually consistent, thus supporting the idea that the explosion is the correct 
description on the brane. 

When the brane falls into the BH, the BH gets a little larger and a little 
hotter. After some time the total energy of the infalling brane has been 
emitted and the BH returns to the original equilibrium state. The aftermath 
of this process is a shell of hotter Hawking radiation propagating towards the 
AdS boundary. This shock wave carries the entropy and energy of the RD 
FRW universe that fell into the BH. The only difference is that the radiation 
shell corresponds to an expanding universe rather than a contracting one. 

So from the point of view of the bulk, the process of absorbing the brane 
in the BH and emitting the shell of Hawking radiation is equivalent to the ex- 
plosion on the brane that ends the contraction phase and starts an expansion 
phase. Let us make these arguments more quantitative. 

The effective emission rate of the BH is the difference of the total emission 
rate and the absorption rate. The absorption rate is equal to what the 
emission (and absorption) rate was before the brane fell into the black hole. 
When the brane falls into the BH, we assume that the mass of the BH changes 
instantaneously to M + 5M where 8M = E and E is given by Eq. Also, 
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the temperature T changes to T + 5T and the Schwarzschild radius changes 
to Rs + SRs- The emission rate of the BH is 



dt 
thus, 

dM, dM, dM 



T"R% (25) 



^ ie// — -^Hermt ^{absorb — (T + 5T) (R s + 5R S ) ~ T R s . (26) 

Let us first present a rough estimate of the time it takes the BH to emit 
the brane. Using Eqs. (122]) and (I2T1) we can express the emission rate of the 
BH from Eq. §5$) as 

dM * 

dt L 2 { ' 

Since M ~ b 4 and T ~ b, 5T/T = 1/4 5M/M. Recall that the ratio 5M/M = 
1/6 is assumed to be small. The effective emission rate is therefore given by 
(ignoring numerical factors), 



dM , dM 5M 1 dM 



dt |e// dt M b dt 



(28) 



Since the change in the emission rate is small, we can estimate the time 
At it takes the BH to emit all the energy of the infalling brane and to come 
back to the equilibrium state by requiring that 

At^-\ eff = E = 5M, (29) 

or equivalently, 



At = ' (30) 

We may now substitute the expressions for E/M, M and dM/dt in terms 
of the bulk parameters and find that 

I? 1 

At = -^r—,L. (31) 

N 

A more elaborate estimate of the time it takes for the emission of the 
shell of Hawking radiation can be obtained as follows. Using Eq. 022|) we can 
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express T as T = (G^M) 1 / 4 L 3 / 2 . Using Eq. fl2~Tj) we can express Rs as i?s = 
(G^M) 1/4 L 1/2 . So we find for the emission rate T 5 R 3 S = (G^ M) 2 1/L 6 . 
We can now substitute this expression into Eq. fl26|) and obtain (ignoring 
numerical factors), 

dM \ - ^ ))2 MF 

~dF ff ~ ~T} (32) 

Since the effective emission rate is also the rate at which the added energy 
E is being emitted, 

E~dt = -~i^ M - <&> 
From Eq. (1331 we see that E is emitted with a half-life of 

V = TTT^Ew (34) 



M(G 



N 



or, expressing M in terms of G N , L and 6, 

L 3 1 

*i/a = T^)^^- (35) 

N 

This confirms Eq. (1311) . 

The explosion time of the brane from the bulk point of view is At exp i osion = 
1/H at the time that the brane reaches the horizon. As we have seen in 
Eq. ( 123]) . at this point 1/H = L. It follows that At exp i osion = L. So for 
a fixed ratio L 3 /G^ the "reflection" time from the BH is shorter than the 
explosion time, meaning that the shape of the reflected brane is not distorted 
and its width is L, as it was before. The condition for this is 

L 3 1 

< 1. (36) 



G(V b 4 



If the "reflection" time scale is larger, then the emitted radiation shell is dis- 
torted with respect to the infalling one. In the extreme limit when the emis- 
sion time is much larger we can approximate this by a BH simply becoming 
larger and heavier and reaching a new equilibrium point with its surrounding 
space. The study of the possible distortion effects is an interesting problem 
for further research. 

In the approximation that the reflection is short and the explosion is 
instantaneous, the emitted shell is best described as a shock wave. The shock 
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Figure 3: Shown in the left panel is a Penrose diagram of a brane universe 
falling into a BH (in blue) and the emitted shell of radiation (in red) as viewed 
from the bulk. The dotted red line describes an RD expanding universe. 
In the right panel the phases of a contracting, exploding and re-expanding 
universe as viewed from within the universe are shown. 

wave carries the energy of the original infalling brane and also its entropy. 
This is because the BH remains in its original state and the entropy in the 
whole process must be non- decreasing. In the approximations that we are 
using, the entropy of the emitted shell is equal to the infalling one. So in 
this sense we may view the shock wave as a highly boosted RD universe. 
We expect that if the emission process is not instantaneous then the emitted 
shell will resemble an RD universe. This is an interesting problem for further 
research. 

5.3 The gauge theory interpretation 

If the brane is viewed as a probe brane then from the boundary gauge theory 
perspective the brane represents a homogeneous injection of energy into a 
single mode. From the microscopic point of view, this corresponds to singling 



21 



out a brane from the stack of N c coincident branes and moving it a large 
distance away. One of the eigenvalues of the large matrix of excitations 
"moves towards the stack of branes." The coupling of this single brane to the 
rest of the branes is only through the very massive off-diagonal modes. 

The motion of the brane towards the horizon represents a change of the 
energy of the brane, still distributed in a homogeneous way, rather than a 
process of thermalization. Once the brane reaches the horizon, the average 
energy of the off-diagonal modes becomes comparable to the thermal energy. 
From a microscopic point of view, when the eigenvalue is large, its inter- 
actions through the off-diagonal heavy modes are suppressed, so it cannot 
thermalize. When it reaches the vicinity of the horizon, the off-diagonal 
modes become light enough and the coupling of the brane to its environment 
becomes strong. 

From the bulk point of view, once the brane reaches the horizon, one 
expects it to be absorbed by the BH which becomes a little hotter and a 
little bigger. This is consistent with the thermalization description above. 
However, if the reflection time is fast enough, the energy gets transferred back 
to some "effective brane" . This brane moves to the boundary and disappears. 
In this case, the gauge theory never thermalizes at a new temperature. The 
opposite limit in which the reflection time is slow, the BH mass increases and 
so does its temperature. From the gauge theory perspective this corresponds 
to thermalization. 

Condition (131)]) implies for the gauge theory 



This condition is probably related to requiring that the injected energy 
does not change the thermal state in a significant way and the interaction is 
still weak enough so the gauge theory does not have time to thermalize. A 
single brane has energy of order 1 and the mass of the BH scales as N%, so 
the condition on E is expected to be satisfied. 

6 Exploding Universe viewed from lower di- 
mensions 

We may also view the contracting universe from a lower dimensional point 
of view, using the AdS/CFT duality once more. We exploit the proposed 



E 



1 



(37) 
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duality between a contracting spatially curved FRW universe and a CFT on 
a codimension one de Sitter space. In this context, a contracting universe 
was studied previously by [H El [101 [XT], [TJl 1131 EH] with the purpose of under- 
standing the fate of a crunching universe. The aforementioned proposal was 
elaborated in [15]. The whole history of the universe, including a tunneling 
event from Minkowski into AdS, was considered. For us this whole history 
will not be relevant and hence we will not discuss it in detail. 

If one considers an empty AdS space, i.e. the energy-momentum tensor 
contains only a cosmological constant term and no matter contributions, the 
contracting universe reaches a singularity in a finite time, however, this is 
a coordinate singularity. The universe reaches the singularity, re-expands 
and then contracts/expands cyclically ad infinitum. If one introduces only a 
little bit of matter into the FRW universe the coordinate singularity gener- 
ically becomes, classically, a real space-like curvature singularity "near" the 
coordinate singularity hypersurface. 

Our scenario, when applied to this case, implies that when the imminent 
classical singularity is approached, quantum effects become strong, the con- 
tracting FRW universe explodes and turns into an expanding RD universe; 
the radiation then redshifts and the universe restarts the cycle. This suggests 
that the cyclic evolution that one finds for the case without matter, when the 
singularity is a coordinate singularity, is also a good approximate description 
in the more interesting case when, classically, the singularity appears to be 
a real physical singularity. 

6.1 Vacuum decay into Anti de Sitter space 

Let us first describe the geometry, a Penrose diagram of which is displayed 
in Fig. H 

Regions I and II are those that Coleman and de Luccia obtained by 
analytically continuing their Euclidean solution describing vacuum decay. In 
this latter case, only the part of the geometry above the horizontal dashed 
line T = exists. For concreteness, the case of a decay from a state with 
vanishing cosmological constant to one with negative cosmological constant 
is considered. However, we will not discuss the initial tunneling event in 
detail and we will consider the full geometry that is depicted in Fig. HI The 
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Figure 4: A Penrose diagram of the geometry described in the text. Region I 
is the Minkowski space (false vacuum), regions II and III are the AdS space; 
the metric in region III can be expressed in FRW form. In the case of an 
actual tunneling event from Minkowski to AdS, only the region above the 
dashed line T = exists. 

metric in regions I and II can be expressed as follows: 

dsl = dr 2 + r 2 {-dt 2 + cosh 2 {t)dQ 2 ), r < r 0<t (38) 
dsfj = R 2 AdS [dp 2 + sinh 2 p(-dt 2 + cosh 2 (t)dn 2 )], < p < p < t. 

One can continue across the line p = 0, i.e. the boundary between regions II 
and III in the above figure. "Behind" that line, there is a further region of 
AdS space, in which the metric can be written in an FRW form: 

ds 2 m = R 2 AdS [-dr 2 + sin 2 (r)(dx 2 + sinh 2 (x)dfi 2 )], < r < tt. (39) 

A coordinate system that covers both regions II and III can be found. In 
this coordinate system the metric takes the form: 

ds\ l+m = R 2 AdS [- cosh 2 (R)dT 2 + dR 2 + sinh 2 (R)dn 2 ], 

0<T<vr < R cosh( J R) cos(T) < cosh(p )- (40) 
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The relation cosh(i?) cos(T) = cosh(p ) describes the location of the bubble 
wall, i.e. the boundary between regions I and II. The coordinates R, T are 
related to the ones used above as follows: 



cosh(p) = cosh(_R) cos(T), tanh(t) 



cos(r) = cosh(i?) cos(T), tanh(x) 



sin(T) 
tanh(.R) ' 
tanh(i?) 



(42) 



(41) 



sin(T) 



These relations suggest a (formal) analytical continuation from one coordi- 
nate system to the other, 



In order to draw the Penrose diagram in Fig. (jl]), one defines a new radial 
coordinate via 



The conformal boundary of AdS space is located at A = |. 

The metric in region I and the metric in region II in the p, t coordinates 
take the form of de Sitter slicings and the geometry of the bubble wall is that 
of de Sitter space. 

Maldacena's proposal is that a dual description of the geometry just de- 
scribed is obtained by replacing its AdS part, i.e. regions II and III, by a 
conformal field theory living on the bubble wall. The dual description thus 
consists of a part of Minkowski space (region I) bounded by a codimension 
one de Sitter space, on which a conformal field theory lives. 

So far, regions II and III, i.e. the interior of the bubble, have been treated 
as empty, spatially curved, AdS space. In this case, there is a coordinate 
singularity at the hypersurface r = 7r where the FRW scale factor in Eq. ( )39|) 
vanishes. This hypersurface is described by A = n — T in the coordinates 
( T4T)j) . (jUJ) and is totally regular there. 

6.2 The crunching and exploding universe 

Upon introducing some matter, i.e. when considering a bubble interior that 
is not completely empty AdS space, the coordinate singularity at r = ir 



P = ir , x = t + Y~ 



(43) 



cosh(i?) 



1 



(44) 



cos(A) 
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generically becomes a real curvature singularity "near" this hypersurface. 
The geometry in this case is shown in Fig. 5. 

Barbon and Rabinovici as well as Maldacena proposed that the realistic 
case of a classical physical singularity can be described by deforming the 
dS field theory by an irrelevant operator. This operator becomes important 
for bulk observers that get close to the conformal boundary of AdS space. 
When the observer gets close enough to the conformal boundary, there will 
be a point when the effect of the irrelevant operator becomes so large that the 
evolution has to be changed in a significant way. At this point the dual field 
theory stops being semiclassical and one needs to invoke some new physics 
to be able to describe what happens. 

Changes in the dS field theory that are homogeneous in the dS time 
correspond to setting initial conditions to the FRW evolution. We argue 
that from the region III FRW point of view this is equivalent to adding a 
source (some form of matter) that becomes important at later FRW times r. 
From a region II bulk observer point of view, it is possible to interpret the 
state of a dS boundary with a large irrelevant operator as a highly excited 
state of the dS. We argue that even when the theory is not semiclassical, this 
highly excited state is very similar to a thermal state. If this similarity is 
correct then from the boundary point of view the irrelevant operator describes 
a BH that is being created in the bulk (See [H]). Our proposal is that the 
explosion that marks the big crunch to big bang transition is viewed from 
the boundary as the final stages of evaporation of this BH. This is shown in 
Fig. 5. 

Our proposal is consistent with Maldacena's proposal (and with the de- 
scription of Barbon and Rabinovici) and provides a specific scenario for the 
fate of the universe when the irrelevant operator has become dominant. At 
this point a precise description in terms of the field theory is not available as 
it would require detailed knowledge of the cutoff scale physics. So we con- 
clude that the explosion is dual to a state on the boundary that cannot be 
described by semiclassical physics in dS. In this sense, the explosion "spills" 
to the AdS boundary. It creates some highly excited state which lives in the 
UV on the whole AdS boundary, so in a way it is like a big bang from the 
point of view of the dual dS field theory. 

The only observables that could survive this epoch are those that have 
only low frequency components. All the high frequency ones are essentially 
very similar to the AdS vacuum (analog of Bunch-Davies for the FRW). 

In a way, this is saying that, in practice, the boundary theory has limited 
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Figure 5: Shown on the right panel is a Penrose diagram of the geometry 
when some matter is added to the FRW universe. In the shaded region, 
large deviation from the empty FRW are expected. In the middle panel the 
explosion and its dual are shown. The bulk explosion spills all the way to 
the AdS boundary. The left panel depicts the view from the dual dS CFT of 
the formation and evaporation of the BH. 

ability to describe the details of the big crunch big bang transition. It is a 
tool that allows to think about this in a concrete framework and if the bulk 
and boundary are truly equivalent also shows that the transition can occur 
in a unitary way. However, the amount of information that is passed on is 
small, similar to the situation in BH evaporation. If you write a message and 
send it to a BH, it will come out but to read it in the Hawking radiation will 
be practically impossible. Something similar is true for the crunching FRW. 

7 Summary and Conclusions 

We have proposed a scenario for describing a quantum big crunch to big bang 
transition. In this scenario, the resolution of the would be classical singu- 
larity is due to quantum effects that get strong and cause the semiclassical 
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description to break down. 

While we cannot describe the detailed evolution through the transition 
microscopically we can describe it in an effective way by using thermody- 
namic potentials. We use entropy bounds to determine the onset of the tran- 
sition; when they are saturated, the universe, viewed as a quantum state, 
ceases to be semiclassically (meta)stable. The more stable phase is a collec- 
tion of relativistic particles, or, in other words, radiation, that occupy the 
same region of spacetime. 

This leads us to propose that an explosion connects the contracting phase 
to the expanding one. Here, an explosion means fast conversion of the energy 
in a certain region of spacetime into radiation. After the radiation has been 
created, the semiclassical description becomes valid again, the geometry re- 
sponds to the radiation in the expected way, the universe expands and the 
transition is completed. 

We discuss our scenario in three examples: collapsing dust, a brane uni- 
verse falling into a bulk black hole in anti-de Sitter space, and a contracting 
universe filled with a negative cosmological constant and a small amount of 
matter. We briefly discuss the late time observables that may carry some 
information about the state of the universe before the transition. 
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